ABSTRACT
Platinum-based chemotherapy is the first-line therapy for non-small-cell lung cancer (NSCLC) and improves both survival and disease-related symptomatology. 1 However, chemotherapyinduced peripheral neuropathy is common and decreases quality of life (QOL) and may limit chemotherapy doses. 2 Cisplatin promotes the formation of free radicals, while paclitaxel blocks axonal transport within peripheral nerves. As many as 38% of patients with NSCLC treated with these drugs develop a disabling sensory neuropathy. 3, 4 Retinoids play a critical role in a variety of biological functions, particularly in epithelial and neural differentiation. 5 Different types of retinoids possess variable selectivity to retinoid-receptors that is the case of all-trans retinoic acid (ATRA), which binds and activates different subtypes of retinoic acid receptors (RARs). 6 Moreover, ATRA stimulates nerve growth factor (NGF) and the expression of its receptor. In a feedback manner, ATRA and NGF may potentiate each other. 7 RAR-␤2 expression stimulates neurite outgrowth and promotes functional regeneration of adult rat nerve after peripheral nerve injury. We have previously demonstrated that ATRA administration prevents and reverses neuropathy-associated morphologic changes in diabetic animals. 8, 9 We conducted a study in an animal model and a clinical trial in patients using a randomized, controlled, double-blinded protocol, in order to evaluate the effect of ATRA as a treatment for peripheral neuropathy. Animal care and experimental design. Forty male Wistar rats (weight, 250 g) were randomized into 5 groups. Group A received saline solution daily for 4 weeks; groups B and C were treated with cisplatin (3 mg/kg, intraperitoneally, every 3 days for 4 weeks); groups D and E received paclitaxel (8 mg/kg, intraperitoneally, twice a week during 4 weeks). 10 To prevent cisplatin-induced kidney toxicity, 2 mL of saline solution was administered subcutaneously.
11 ATRA (20 mg/kg, PO, daily for 2 weeks) was administered only to groups C (cisplatin/ATRA) and E (paclitaxel/ATRA). 8, 9 At the end of week 4, all rats received a sodium pentobarbital overdose (100 mg/kg, intraperitoneally).
Measurement of nociceptive activity in rats.
Thermal hyperalgesia was assessed with the Hargraves method. Each rat was tested 3 times and an average of 3 responses was scored. Testing was carried out before treatment and at 2 and 4 weeks after cisplatin or paclitaxel injection. Tactile allodynia was tested as previously described. von Frey filaments (Stoelting, Wood Dale, IL) were employed to determine the 50% paw-withdrawal threshold utilizing the up-down method of Dixon. 12 Allodynia was considered to be present when paw-withdrawal thresholds were Ͻ4 g. All evaluations were blinded to treatment.
NGF levels. NGF were obtained by ELISA analysis of sciatic nerve samples 13 in microtiter plates previously coated with antibodies against NGF (NGF antimouse ␤ [2.5 S] 0.1 g/mL). NGF antimouse was labeled with ␣-galactosidase (Boehringer, Germany). After 4 hours of incubation, the enzyme was developed with chlorophenol red galactopyranoside (Roche Molecular Biochemicals, Paris). Absorbance was read on a spectrophotometer 90 minutes later at 570 nm.
Expression of RAR-␣ and RAR-␤.
The sciatic nerve sample was obtained and RNA was extracted with TRIzol ® . Quantitative reverse transcriptase and real-time PCR (qRT-PCR) were made by one-step kit using reactive RT-PCR master mix reagents. Probes (Applied Biosystems, Carlsbad, CA) to detect the relative expression of RAR-␣ and RAR-␤ were FAM-coupled. RNAase-P was used as endogenous control. RT-PCR conditions were followed by the Applied Biosystems equipment protocol in real time 7,500 (Applied Biosystems, Carlsbad, CA).
Ultrastructural evaluation of sciatic nerve. The left sciatic nerve was obtained by dissection. Classification of peripheral nerve elements was conducted as previously described. 14 The myelinated and unmyelinated axons, number of Schwann cell nuclei, regeneration bands, remyelinating axons characterized as a thin myelin band, and the percentage of myelinated axons with ultrastructural variations in myelin were quantified by square millimeter under a transmission electron microscopy EM-10A (Carl-Zeiss, Mexico City, Mexico). Morphologic evaluation was performed by an independent observer in a blinded fashion. 15 In a double-blinded design, patients were randomized to receive ATRA 20 mg/m 2 /d (ATRA/CP) or placebo (placebo/CP) 1 week prior to treatment until completion of 2 courses. 16 The randomization plan used a table of random numbers blinded to the investigators. Physical examination, laboratory tests, and neurotoxicity events using National Cancer Institute Common Toxicity Criteria and Adverse Events version 3.0 were evaluated for each patient.
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NGF serum levels. Whole blood was obtained by peripheral vein puncture to measure NGF. ELISA was performed at initiation and after completion of the second chemotherapy course.
Electrophysiologic peripheral nerve functional study. Prior to initiation of the first and after completion of the second chemotherapy course, each participant underwent a complete standard bilateral sensory-motor nerve conduction study that consisted of recording motor conduction velocities from median, ulnar, peroneal, and tibial nerves, as well as sensitive conduction velocities from median, ulnar, and sural nerves at the Instituto Nacional de Neurologia y Neurocirugía. Distal latencies and peak amplitudes were evaluated. Room temperature was maintained at the same temperature (26°C). Grade of damage was ranked from 0 to 3 for latency and amplitude of each nerve in all patients. 18 Measurements and data analysis were performed with VikingSelect master software version 8.1 (Nicolet Viasys, San Diego, CA) and was performed by an independent observer without previous knowledge of the specimen source group.
Statistical analysis. Continuous variables were summarized as
arithmetic means, medians, and SD; categorical variables as proportions. For the human study, the primary outcome for the clinical trial was the reduction of chemotherapy-induced peripheral neuropathy damage determined by electrophysiologic peripheral nerve functional study. All rats survived the 4 weeks of treatment. Latency time (temperature sensitivity) was not different at baseline among the 5 groups ( p ϭ 0.889). In groups receiving cisplatin and paclitaxel, there was a reduction of withdrawal latency before and after chemotherapy (week 2). Means of differences between baseline and week 4 were less in animals treated with ATRA than in those only receiving chemotherapy (table 1) . Threshold response to mechanical allodynia was not different at baseline among the 5 groups ( p ϭ 0.143). There was a reduction of withdrawal pressure (week 2) in all groups that received cisplatin or paclitaxel. Moreover, means of differences between baseline and week 4 were less in ATRA-treated groups than in those receiving only chemotherapy ( figure 1A) .
Expression of RAR-␣ and RAR-␤ in sciatic nerve. Analysis of RT-PCR for RAR-␣ showed no expression. RAR-␤ expression was found in 3%, 12.5%, 66.6%, 16.6%, and 50% in control, cisplatin, cisplatin/ATRA, paclitaxel, and paclitaxel/ATRA groups, respectively (figure 1B). RAR-␤ expression was 1.5-and 3-fold higher in both cisplatin/ATRA and paclitaxel/ ATRA groups, respectively, than in control and in their respective non-ATRA-treated group ( figure 1C) .
Ultrastructural evaluation. The number of the axonal degeneration bands in mm 2 was higher in both the cisplatin (6.1 Ϯ 1.2; p ϭ 0.022) and paclitaxel (9 Ϯ 1.8; p Ͻ 0.001) groups when compared to controls (0.27 Ϯ 0.27). However, there were no differences in the number of degenerated axons between controls and cisplatin/ATRA (4.2 Ϯ 1.4; p ϭ 0.21) or paclitaxel/ATRA (2.6 Ϯ 0.5; p ϭ 0.6). Furthermore, the paclitaxel group had more degenerated axons ( figure 2D ) when compared to the paclitaxel/ ATRA group ( p ϭ 0.003) ( figure 2E ). Nerve regeneration evaluated by regeneration bands was higher in cisplatin/ATRA (653. There was a reduction of both baseline and posttreatment NGF level for all patients. No differences were found on content in NGF in both groups ( Ninety-two patients were evaluated with electrophysiologic peripheral nerve tests before and after ATRA/placebo therapy during 6 weeks (2 chemotherapy cycles). No difference was found among There is a Schwann cell nucleus (N) surrounded by unmyelinated axon sprouts forming a regeneration band (Br). All electronic micrographics are at 6,860ϫ and the quantifications are per square millimeter. Eight to 10 photographs were taken for each rat.
groups in latency time between baseline and posttreatment measurements (table 2) . When patients with and without DM were compared, no differences were found with regard to latency time ( p ϭ 0.581) and amplitude damage ( p ϭ 0.521). However, patients Ն60 years of age had alterations in basal latency time (mean grade rank, 37.7 vs 56; p ϭ 0.001) and amplitude damage (37 vs 57; p Ͻ 0.001).
Neuronal damage evaluated by amplitude of evoked potentials was higher after treatment than at baseline in the chemotherapy/placebo group (32.1 Vm vs 218 Vm; p ϭ 0.001 for each comparison). The chemotherapy/ ATRA group showed no such difference (p ϭ 0.22). Moreover, comparisons between both groups showed that patients in the chemotherapy/ATRA group had lower amplitude damage differences at baseline and post-treatment than those in the chemotherapy/placebo group (28.3s vs 38.4s; p ϭ 0.05). In the multivariate analysis, no differences were found in DM (p ϭ 0.84), brain metastases (p ϭ 0.47), and age (p ϭ 0.48); only ATRA treatment was associated with a nearly statistical significance with reduction of amplitudes (OR 0.42 [95% CI 0.17-1.03]; p ϭ 0.06). Toxicity. The adverse effect found between placebo and ATRA treatment groups was hypertriglyceridemia grades 3 and 4 and was present in 5 of the 45 patients. These patients were treated with diet and gemfibrozil (table e-3).
DISCUSSION Chemotherapy-induced peripheral neuropathy (CIPN) is the most important nonhematologic toxicity of cisplatin and paclitaxel therapy, as seen in both experimental animals and patients. Symptoms of CIPN began soon after therapy in 65% of patients treated with a cumulative dose of 200 -300 mg/m. 19 Overall incidence of symptomatic neuropathy in paclitaxel-treated patients ranges from 5% to75%, developing severe symptoms (grade 3 or higher) in 10%-20% of them. 20 Several mechanisms for CIPN development have been associated with decrease of NGF in serum, demyelination, and axonal loss. 21 Paclitaxel and cisplatin alters axonal transport of growth factors. 22 Similar to other studies, 23 we have observed a decrease in NGF contents both in sciatic nerves of rats and serum of patients treated with cisplatin and paclitaxel, suggesting a role in CIPN physiopathology. In mice, NGF plays a key role in the recovery from numerous peripheral neuronal and non-neuronal insults, reducing or preventing neuropathy. 21, 24, 25 Ultrastructural evaluation of rat sciatic nerves revealed axonal damage without demyelination; similarly, we found amplitude alterations in the patients suggesting axonal demyelination. 26 ATRA is capable of reversing morphologic and functional changes due to peripheral neuropathy, by increasing NGF concentrations in nerve and serum. 9, 27 One mechanism through which ATRA might influence neurite outgrowth is by regulating the neurotrophin transcription of receptor genes, which regulate actin polymerization and advancement of the growth cone. 28 Moreover, by positive feedback, NGF induces production of retinaldehyde dehydrogenase type 2, which synthesizes retinoic acid, stimulating intracellular RAR pathways. 7 In our study, alterations in the sensitivity tests were reduced in ATRAtreated rats, achieving latency times similar to controls, with minor neural damage in functional tests apparently related to prevention of NGF depletion, inducing morphologic changes suggestive of regeneration. Neural content of NGF increases with ATRA treatment in CIPN rats, although these changes were not as notorious as in rats with diabetic neuropathy.
8,9 ATRA-treated patients had a lower prevalence of neuropathy grades 2 and 3 than those of the chemotherapy/placebo group. Treatment with ATRA did not prevent NGF depletion in serum; therefore, the increase of NGF could be related to regeneration from neural damage, rather than neural protection from CIPN. ATRA binds and activates different RAR subtypes (RAR-␣, RAR-␤, and RAR-␥), which regulate the expression of the different genes and activate their own promoter regions. 29 It also stimulates neurite proliferation and length in a variety of embryonic neural cells. 27, 30 RAR-␣ and RAR-␤ differ in their cell localization; the former is expressed in the dendritic region, and the latter in the cell soma; neural damage increases the concentrations of both receptors. 31 In degenerating nerves, an RAR-␣ increase is detected between 7 and 14 days, after the complete nerve transection, and RAR-␤ is detected between 14 and 21 days. After day 21, RAR-␣ is no longer detected. Our results showed that RAR-␤ expression was higher in chemotherapy/ATRA groups than in the non-ATRA-treated group. RAR-␤ expression stimulates neurite outgrowth and promotes functional regeneration of sensory axons in spinal cord, 7 however, RAR-␣ expression was not detected in our study groups, perhaps due to the fact that RAR-␣ expression reaches its nadir between 4 and 7 days after neural injury. 31 Several studies have tried diverse neuroprotective substances to prevent CIPN; in most of them the results have been negative. 32 The challenge is to find an agent capable of both effective reduction of neurotoxicity and increase of tolerance to chemotherapy agents. Recently, a neuroprotective effect of vitamin E against CIPN has been reported. 33 Pharmacologic studies are necessary to determine dose and duration of ATRA therapy in CIPN. We selected the doses used in this study based on previous experimental reports on tolerance. 8, 9 In humans, optimal retinoid doses and drug schedules are known, but some studies suggest that ATRA at low doses could also be effective. The doses of ATRA Abbreviations: ATRA ϭ all-trans retinoic acid; CP ϭ cisplatin/paclitaxel. a Damage grade for each nerve was ranked from 0 to 3. b p Values were generated with Wilcoxon test, comparing baseline and post-treatment. c p Values were generated with Mann-Whitney U test, which compares differences of damage grade between control and experimental group. evaluated in our study presented a fair toxicity profile 16 and were lower than those employed in APL treatment. 34 In the treatment of solid tumors, higher ATRA doses (150 mg/m 2 /d) as single agent have been poorly tolerated. 35 Our study has the limitation of short follow-up (6 weeks) after 2 cycles of chemotherapy, which induce a low frequency of severe neuropathy (grades 3 and 4). The time course of peripheral nerve injury and recovery from chemotherapy depends on the dose intensity and chemotherapy type; usually, 10%-28% of patients treated with paclitaxel and cisplatin or carboplatin have persistent symptoms 6 weeks after the end of treatment 34, 36 ; therefore, it would be interesting to conduct long-term studies to assess ATRA as a potential neuroprotector agent. However, the rapid disease progression and short global survival of our patients with lung cancer did not allow a long follow-up.
